Aim. This study aimed to characterize the role of the jasmonate signaling pathway in flowering genes response to acute and chronic ionizing irradiation in plants. Methods. We used the wild-type Arabidopsis thaliana and jasmonic pathway defective jin mutant of Col 0 ecotype in our experiments. The chronic irradiation was provided by 137 СsCl with a total dose of 17 cGy and a dose rate of 6.8×10 -6 cGy/s. The acute irradiation experiment was performed on 21 days old plants at the 5.0 stage (Boyes et al., 2001) by X-rays in a total dose of 5 Gy with a dose rate of 89 cGy/s. The length of stems and leaves was measured in post-irradiation period. The molecular genetic analysis was done using realtime PCR. We determined the relative expression of key flowering genes AP1, GI, FT, CO, ACT2 with UBQ10 used as reference genes. Statistical analysis of phenotypic parameters was done using Student's t-test in GraphPad Prism 8 software. The quantitative PCR data were analyzed in the REST 2009 software, QIAGEN. Results. The plant groups differed significantly by the stem length (p>0,05) . The study revealed decreased expression of CO, GI and FT genes in jin mutants. The overexpression of AP1 in jin mutants under chronic irradiation may cause cell division errors and impact flower development. In contrast, AP1 expression in WT plants was near to normal = 1 under chronic irradiation. These results suggest the involvement of the jasmonate pathway in the regulation of plants flowering during the irradiation. Сonclusion. Based on the results of our study, we hypothesize that jasmonic acid has a stabilizing effect on the rate of cell differentiation in plants under chronic irradiation. Despite the uncovered role of jasmonic acid in A. thaliana flowering the exact mechanism of its action remains unclear and requires further investigation.
ISSN 2415-3680 (Online), ISSN 1810-7834 (Print) . Вісн. Укр. тов-ва генетиків і селекціонерів. 2019, том 17, № 1 Various exposure and intensity combinations were studied on the Arabidopsis model (Boyes et al., 2001) . Acute exposure to radiation leads plants to a damage of macromolecules in plant cells. It causes the occurrence of free radicals and DNA molecule breakage. It was established that the median lethal acute radiation dose (LD50) for A. thaliana is of 300 Gy. Chronic irradiation has a stochastic and nontargeted effect. Preferably, it leads to the activation of mobile genetic elements and epigenetic changes in the genome (Kovalchuk et al., 2007) . Especially, chronic irradiation has the greatest impact on plant ontogenesis (Nesterenko, Rashydov, 2018; Dmitriev at al., 2018) . Chronic radiation is predominant in radiation polluted areas after man-made disasters, such as the accidents at the Chernobyl, Ukraine, and Fukushima, Japan nuclear power plants (Rashydov et al., 2012) .
Flowering is one of the most stress-sensitive stages of plant growth and development. The correct development of seeds depends on accurate flowering and its delay may lead to a mismatch with appropriate temperature regime and the presence of insect pollinators. The time of seed maturation closely depends on signal system transduction, especially the influence of the jasmonate signal pathway.
The jasmonic acid (JA) is seen as structural and, in some cases, functional, an analog of prostaglandins the animals. A jasmonate signaling pathway is getting activated by cell surface receptor SR160 followed by mechanical damage of the plant (Ruan at al., 2019). The JA dependent physiological processes are seed maturation, the formation of viable pollen, root growth, the launch of an aging program, protective responses to biotic and abiotic stressors (Kolupaev, Karpets, 2010) .
Materials and methods
For our study, we used the wild-type (WT) Arabidopsis thaliana plants of the ecotype Columbia 0 and jin mutant line (jasmonate insensitive). Plants were cultivated in sterile soil, long day (18/6) conditions at room temperature. The sterilization was done soil was sterilized by a 3 % solution of sodium permanganate for 24 hours. The seeds were sterilized with 12.5 % sodium hypochlorite solution and then washed with 70 % ethanol. Experimental groups include 20 plants each. The experimental data acquired from three technical and three biological repeats. Plants were exposed to chronic radiation 137 СsCl with a total dose of 17 cGy with an irradiation rate of 6.8×10 -6 cGy/s. The experimental plants were placed into the radiation with a constant rate of radiation for 6 weeks starting from the seeds germination phase to the flowering phase. The control group of plants was grown under identical conditions except for the radiation influence. In the case of the acute mode of irradiation, 21 days old plants at the 5.0 stage (Boyes et al., 2001) were irradiated by X-ray with an 89 cGy/s radiation rate. The total acute dose was 5 Gy.
The measurement of the plant's growth indicators such as the length of the stem and the size of the leaf were taken every 3 days, of the postirradiation period. The statistical analysis was done by Student t-test using GraphPad Prism 8.
To analyze genes of interest expression realtime PCR was utilized. To do so total RNA was extracted from the leaves of the plants using the set of QIAGEN Rneasy Plant mini kit (Germany). The cDNA was synthesized using ThermoFisher Scientific Maxima First Strand cDNA Synthesis Kit (USA). The reverse transcription reaction was performed according to the kit manufacturer instruction. For each reaction 1 µg of RNA was used.
The expressions of key flowering genes AP1, GI, FT, CO were calculated relative to reference genes Actin (ACT2) and UBQ10. For qPCR analysis cDNA was diluted 1:10, and primers 1: 100. SYBR Green fluorophores (Thermo Scientific Maxima SYBR Green qPCR Master Mix) were used for signal detection. A three-stage amplification program with an annealing temperature of 55 o C was used, the detection was carried out via the green fluorescent signal detection channel.
Statistical analysis of the quantitative PCR data was done by a standard curve constructing. The data were normalized to the expression value of the ACT2 or UBQ10 reference genes and control samples. 
Results and discussion
The phenotypic differences among the studied groups were revealed. The plant groups did not differ significantly in the stem length ( fig. 1 ). The stem length of jin mutants exposed to radiation (5 Gy) was significantly higher than that of untreated jin mutants (two-tailed Student t-test, pvalue = 0.0150); the stems of irradiated with 5 Gy WT plants were significantly shorter in comparison to WT non-irradiated plants (two-tailed, p-value = 0.0021). Moreover, jin mutants had significantly higher stem length than WT plants after the acute irradiation (5 Gy) (two-tailed, p-value = 0.0022).
We did not found any significant impact of chronic irradiation on jin mutants morphological parameters. However, non-irradiated mutants had a smaller stem length compared to non-irradiated WT plants. There was no significant change in leaf length in different experimental groups.
The analysis showed the differences in gene expression profiles among different plant groups and differences between the control and experimental groups (table). The trends of the key flowering genes activity in WT plants and jin mutants under different irradiation modes are presented in figure 2 . Fig. 2 . The trend of key flowering genes expression in WT and jin mutants depends on the irradiation mode. The legend is:
Relative target genes expression values were compared to reference gene expression =1. In the case of the expression value <1 the gene is down-regulated if expression value >1 the gene is up-regulated.
Our data ( fig. 2 ) demonstrate that AP1 gene expression is dramatically increased during chronic irradiation in jin mutants. AP1 gene regulates cell differentiation and determines the apical meristem to floral way development (Gregis at al., 2006) . Cell differentiation is very important for correct flowers and gametes formation. The overexpression of AP1 may potentially lead to cell division and differentiation errors.
CO, GI, FT expressions decreased in both WT and jin mutant groups under chronic irradiation. At the same time, jin mutants had lower expression of CO and GI genes than non-irradiated mutants.
In previous studies, the authors studied the effect of JA on plant response to abiotic stress. Low temperatures, nitrate stress, dehydration or nutrient deficiency cause early flowering (Kolupaev, Karpets, 2010; Lugovaya, 2014) . Other authors have observed the effect of exogenous JA during salt stress in four-week-old WT and jin1 plants (Yastreb, 2016) .
In our study, we also showed JA participation in the response of the flowering genes to radiation. We think that jasmonic acid has a regulatory effect on the flowering genes in Arabidopsis plants under chronic irradiation. According to our previous results, lowdose acute X-ray exposure has the different effects on plants then low-dose chronic exposure (Kryvokhyzha et al., 2018) .
Conclusions
The present study uncovers the role of JA in the regulation of flowering in Arabidopsis thaliana plants during radiation exposure. The key flowering genes APETALA 1 (AP1), GIGANTIA (GI), FLOWERING LOCUS T (FT), CONSTANTS (CO) expression were explored in WT and jin mutants. The overexpression of AP1 under chronic irradiation may cause cell division errors and affect flower development. Based on the results of our study, we hypothesize that jasmonic acid has a stabilizing effect on plant cell differentiation under chronic low-dose radiation exposure.
